The question of how duplicate genes are retained in a population remains controversial. The duplication-degeneration-complementation model, which involves no positive selection, stipulates a higher retention rate of duplicate genes in a small population than in a large one. This model has been accepted by many evolutionists. However, we found considerably more retentions and fewer losses of duplicate genes in the mouse genome than in the human genome, although the population size of rodents is in general larger than that of primates. Indeed, in nearly every interval of synonymous divergence between duplicate genes, the number of gene retentions in mouse is larger than that in human. Our findings suggest a more important role of positive selection in duplicate retention than duplication-degeneration-complementation. In addition, certain functional categories show a higher tendency of lineage-specific expansion than expected, suggesting lineagespecific selection or functional bias in retained duplicates.
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functional bias ͉ gene duplication ͉ lineage-specific expansion ͉ duplicability A major question in molecular evolution is how duplicate genes are retained in a genome (1) (2) (3) . If a gene duplicate is neutral or slightly deleterious, the probability of its fixation in a population increases with decreasing effective population size (N e ) as predicted by the nearly neutral theory (4, 5) . Moreover, it has been proposed that a small population size is favorable for the retention of duplicate genes by the duplication-degeneration-complementation (DDC) model in which complementary degenerate mutations occur in the duplicated genes, so that both genes are needed to maintain the original function(s) (6) (7) (8) . These arguments lead to the proposition that the gene number increase from lower to higher eukaryotes may not have been driven by adaptive processes but as a passive response to reduced population sizes (7) . Note that DDC is a selectively neutral process, requiring no positive selection. An alternative mechanism for duplicate retention is positive selection, which can arise from the various situations to be described below. It should be emphasized that although DDC is now commonly referred to as the subfunctionalization model, it is actually different from the classical subfunctionalization model in which the two genes become specialized in different tissues or at different developmental stages (9, 10) . In contrast to DDC, the classical model involves positive selection because tissue (or developmental) specialization improves the function(s). Another subfunctionalization model is that the ancestral gene had two or more functions and the two duplicate genes become specialized in different functions, improving some or all of the functions (2, 11) . This is also a positive selection model. In addition, a well known positive selection model is neofunctionalization in which one gene maintains the original function, whereas the other gains a new function (1) . The purpose of this study is to compare the relative roles of DDC and positive selection in the retention of duplicate genes by examining lineage-specific gains in two well annotated mammalian genomes, human and mouse. If positive selection is more important than DDC for the evolutionary success of duplicate genes, the mouse genome should have retained more duplicate genes than the human genome because the larger population size of mouse implies more effective natural selection. On the other hand, if DDC is more important, the opposite should be true.
Results and Discussion
Lineage-Specific Gains in the Human and Mouse Genomes. We obtained human and mouse protein sequences and their gene family annotations from Ensembl (12) . To reduce the influence of transposable elements and pseudogenes in our data set, we excluded LINE1s, reverse transcriptases, ribosomal protein families, and genes that are at least 99% identical to reported human or mouse pseudogenes (13) (14) (15) . Most human and mouse genes are classified into families with members from both organisms (shared families; Table 1 and Data Set 1, which is published as supporting information on the PNAS web site). For each shared family, we constructed a family phylogeny and then identified its ''orthologous groups'' (OGs). Each OG represents a single ancestral gene from the human-mouse progenitor and all lineage-specific duplicates of this ancestral gene (Fig. 1A) . Eight different OG types are defined based on the presence of genes in mouse, human, or both and the extent of lineage-specific expansion ( Fig. 1B and Data Set 1).
There are 20,679 OGs in the Ϸ9,000 gene families shared between human and mouse. For each OG, the number of lineage-specific gains is the number of genes minus one. There are 2,189 genes in the 744 OGs that show human lineage-specific expansion (OG types x:1, x:y, and x:0 with x Ͼ 1 in Fig. 1B) , so the number of lineage-specific gains is 1,445 (2,189 Ϫ 744) in human. In contrast, mouse has 2,292 lineage-specific gains. In addition, we estimated 2,896 losses in the human lineage, but only 1,552 losses in the mouse lineage (Fig. 1B) . Note that these losses refer to losses of genes that were duplicated before the human-mouse split.
Our approach only allows us to estimate the minimal numbers of gain and loss events because within-lineage duplications that were not retained and losses that occurred in both lineages cannot be detected. There are other factors that may affect our estimates: (i) the presence of pseudogenes may inflate the number of gene gains, and (ii) gene conversion events can affect the tree topologies that are the basis for inferring gains. Because we have taken a liberal approach to exclude potential pseudogenes (see Methods), they should not significantly affect our estimates. Gene conversion occurs only between sequences with very high sequence identity, and even a few mismatches reduce the frequency significantly (16, 17) . Therefore, most gene conversion events that obscure gene gain inference are those that occurred at the early stage of divergence between these two lineages. Because mouse and human diverged Ϸ80 million years ago, most gene conversion events that occurred after their divergence should not significantly affect our OG inference.
Lineage-Specific Gains in Different Ks Intervals. The lineage-specific gains in a genome can be divided into bins of Ks intervals ( Fig.  2A) , where Ks is the number of substitutions per synonymous site between two duplicate genes. Interestingly, there are more lineage-specific gains in the mouse lineage than in the human lineage in nearly all Ks bins. Although Ks is not a good proxy of divergence time because of a higher synonymous rate in the mouse lineage than in the human lineage (18) , it may be considered the mutational distance between two duplicate genes. Thus, the fact that in nearly all Ks bins there are more lineage-specific gains in mouse than in human suggests that more mouse duplicate genes have been retained following similar numbers of mutations in these two lineages. There are similar numbers of gains in the bin with Ks Յ 0.005 in the human (217 gains) and mouse (215 gains) lineages. Because this bin is likely to contain the majority of cases where two alleles have been misclassified as duplicates, this similarity in bin size suggests that the higher number of gains in the mouse lineage is not simply due to less accurate annotation of the mouse genome. Note that the higher mutation rate in rodents than in primates should lead to an underestimate of the number of retained mouse duplicates in a bin. If the synonymous substitution rate is two times higher in the rodent lineage than in the primate lineage, normalization of Ks values results in even larger mouse bins compared to corresponding human bins (Fig. 2B) . We also examined the Ks distribution of all duplicates in human and mouse, respectively (Fig. 2C) . We found more mouse gains than human ones in all bins with Ks Յ 1, suggesting that the higher retention rate in mouse than in human is true for duplications that occurred prior or after the divergence between the human and mouse lineages. The L-shaped distribution (i.e., higher numbers of gains for smaller Ks values) may be in part due to the homogenization effect of gene conversion between highly similar duplicate genes (19), but is mainly because young duplicate genes have been subject to fewer gene loss events than older duplicates.
Mechanisms of Duplicate Gene Retention. The finding of more lineage-specific gains in mouse (n ϭ 2,292) than in human (n ϭ 1,445) is in favor of positive selection rather than the DDC model. However, the observation can also be explained by assuming a higher birth rate and a lower death rate of duplicate genes in the mouse lineage than in the human lineage. These rates over the long history since the human-mouse split are extremely difficult to estimate but the birth rate in a lineage should be reflected in the sum of functional and nonfunctional (nonprocessed pseudogene) duplicate genes found in the genome, whereas the death rate is reflected in the number of nonprocessed pseudogenes.
Having considered functional duplicates above, we now consider nonprocessed pseudogenes. Zhang et al. (15) found more nonprocessed pseudogenes in human (n ϭ 3,015) than in mouse (n ϭ 735). The lower number in mouse can be partly due to difficulties to detect nonprocessed pseudogenes in mouse because its genome is not as well annotated as the human genome. It can also be partly due to a higher mutation rate in rodents than in primates (18) . However, the chance is low that a pseudogene that arose in the mouse lineage after the human-mouse split has become so degenerate in sequence that it is no longer recognizable. Another factor that can contribute to the difficulty in identifying mouse pseudogenes is that the nucleotide deletion rate is higher in rodents than in primates. Graur et al. (20) found that processed pseudogenes, when compared to their functional counterpart, are shorter in mouse (2.3%) than in human (1.2%). However, these estimates refer to nucleotide deletion, not deletion of a complete pseudogene sequence. We note that as long as a substantial part of a pseudogene sequence remains, it is likely to be detected by a similarity-based search. Thus, although there are several factors that may lead to an underestimate of the number of nonprocessed pseudogenes in the mouse genome, they may not account for the large difference between the estimated numbers in human (n ϭ 3,015) and mouse (n ϭ 735).
To simplify the arguments, let us assume that the actual number of mouse nonprocessed pseudogenes is as large as that of human (n ϭ 3,015). Then, the total number of gene duplications since the human-mouse split is estimated to be 2,292 ϩ 3,015 ϭ 5,307 in the mouse lineage and 1,445 ϩ 3,015 ϭ 4,460 in the human lineage. It follows that the proportion of retained duplicate genes is 2,292͞5,307 ϭ 0.43 in the mouse genome, whereas it is 1,445͞4,460 ϭ 0.32 in the human genome. Because the N e in rodents is likely substantially higher than that in higher primates, the considerably higher proportion of retained duplicate genes in the mouse lineage than in the human lineage suggests that positive selection has played a more important role than DDC in the retention of duplicate genes in these two mammalian lineages.
Functional Bias of Retained Duplicates.
To determine whether genes of certain functions tend to expand more than others, we examine gene ontology (GO) (21) annotation of human and mouse genes and compare the numbers of genes in expanded and unexpanded OGs in each functional category against the average numbers of the whole data set with 2 tests (see Methods). Expanded OGs are those with more than one human or mouse gene (Fig. 1B) . We uncovered a large number of functional categories with significantly over-or underrepresented numbers of genes in expanded OGs (for statistical analyses and results, see Data Set 2, which is published as supporting information on the PNAS web site). Biological process categories related to defense, degradation of foreign substances, environmental sensors, RNA catabolism, transcription, reproduction, and cell-cell adhesion are overrepresented in human (Fig. 3A) . The overrepresented molecular function categories in general recapitulate the categories in biological processes (Fig. 3B) . On the other hand, genes involved in metabolism, development, transport, phosphorylation, and transcription with RNA polymerase II are underrepresented (see Data Set 2). These categories contain mostly genes involved in housekeeping functions and developmental processes and they were either duplicated at a much lower rate or their duplicates were not retained. Our findings imply functional biases in duplicate retention and suggest that gene function is an important determinant of gene duplicability. We have also examined the Ka͞Ks values of duplicates and found that the lineage-specific duplicates have significantly higher Ka͞Ks values than those of 1:1 orthologs (data not shown). Both positive selection and relaxation of selection can contribute to elevated evolutionary rate. In addition, because most duplicates were generated millions of years ago, purifying selection may erase the signature of positive selection. Nonetheless, genes in several overrepresented categories have been found to be positively selected, such as (i) defense: Ig heavy chain 22, major histocompatibility complexes (23) Human and mouse lineage-specific duplications as functions of synonymous divergence. (A) The relationships between the number of lineage-specific gene gains and Ks, which is the number of substitutions per synonymous site between two sequences. The Ks between each lineagespecific duplicate and its closest paralog was calculated. The number of gains refers to the number of lineage-specific duplicate-paralog pairs in a particular Ks bin. With Ks as a proxy of mutational distance, there are fewer gene gains in the human lineage (black bar) than in mouse (white bar) in nearly all Ks bins. (B) The distribution of the number of gene gains in normalized Ks bins. Under the assumption that the synonymous rate is two times higher in the mouse lineage than in the human lineage, the mouse Ks values were divided by two to serve as the normalized values. Compared to A, there are even more gains in the mouse lineage. (C) The relationships between all duplicates and Ks in human and mouse. Here, the Ks is calculated between all paralogs in human or mouse without restriction on whether they are lineage-specific duplicate or not. As a result, duplication events before the human-mouse split are included as well. (27) . Some functional categories are over-or underrepresented in both human and mouse (see Data Set 3, which is published as supporting information on the PNAS web site, for comparison of mouse and human categories). The strong functional bias among retained duplicates, and the fact that a number of these genes have been found to be positive selected is in agreement with our conclusion that positive selection is important in duplicate retention in these mammals.
Concluding Remarks. Our findings of more gains and fewer losses of duplicate genes in the mouse lineage than in the human lineage do not support the DDC model as the major mechanism for the retention of duplicate genes in mammals. Rather, they suggest that positive selection plays a more important role than DDC for duplicate retention. Positive selection can arise from gain of new functions, specialization in different tissues or at different developmental stages, or subdivision of functions. Because we have considered only the human and mouse genomes and there are assumptions involved in our analysis, future research is needed to draw a more definite conclusion on the relative roles of positive selection and DDC in duplicate retention. To reduce the effect of pseudogenes present in the Ensembl data set, we consolidated the pseudogenes available from Ensembl and those reported in three studies (13) (14) (15) . The protein sequences from human (mouse) were queried against human (mouse) pseudogene sequences. A gene was regarded as a potential pseudogene and excluded from further analyses if its amino acid identity to a known pseudogene was at least 99%, if the longest aligned segment was at least 50 aa, and the aligned segments covered at least 80% of the sequence length of the gene in question. Based on these criteria, 716 human and 1,063 mouse putative pseudogenes in shared families were excluded from further analysis. We also excluded ribosomal protein genes and glyceraldehyde-3-phosphate dehydrogenase genes because they contain a large number of pseudogenes (28, 29) . The gene family assignments for human and mouse proteins were obtained from Ensembl. We found that 14% of human genes and 11% of mouse genes are singletons or families that are unique to either human or mouse. These organism-specific singletons and families were likely the consequences of lineage-specific inventions or losses, or failure in orthology identification owing to high sequence divergence, and they were excluded from our analyses.
Methods
Inference of Phylogeny, Ancestral Gene Numbers, Gene Gains, and Gene Losses. The mouse and human protein sequences of each shared family were aligned with CLUSTALW (30) and the alignments were used for generating neighbor-joining trees (31) . The family phylogeny generated was rooted at the midpoint. It should be noted that: (i) the average divergence between human and mouse proteins are Ϸ20%, so un-supervised alignments are straightforward; (ii) in a random sampling of 100 orthologous groups with the closest gene as an outgroup, all have 100% bootstrap support using neighbor-joining with 1,000 bootstrap replicates; and (iii) midpoint rooting is conducted at the family level and the average identity among family members is Ϸ40%, much lower than the average identity between human and mouse orthologous proteins (Ϸ80%) (based on Ensembl synteny-based ortholog assignment). These findings indicate that our phylogenetic approach likely would not introduce bias in orthologous group inference. According to the parsimony principle, a bifurcating clade with one branch leading to human gene(s) and the other to mouse gene(s) indicates the existence of one ancestral gene present before the mouse-human split (see Fig. 1 ). The number of such clades in a family (human-mouse or HM clades) is regarded as the OG count in that family, representing the minimal family size before the human-mouse split. Deviations from a human-to-mouse ratio of 1:1 in an OG indicate lineagespecific gains. The remaining OGs that form sister group relationships to HM OGs but have either no human or no mouse genes are also regarded as OGs with gene loss(es) in either the human or the mouse lineage.
GO and Statistical Tests for Over-and Underrepresented Categories.
GO (21) assignments for human genes were obtained from Ensembl. Two top GO categories, molecular functions and biological processes, were analyzed independently. For each top category, only subcategories with at least 10 genes were analyzed further to ensure sufficient data points for statistical analyses. Among these qualified categories, we obtained the numbers of unique human genes residing in expanded (x:1, x:0, and x:y, where x Ͼ 1 and y Ͼ 1; see Fig. 1B ) and unexpanded (1:1 and 1:0) OGs. These two values were used to calculate the expected number of genes in expanded OGs and in unexpanded OGs for each qualified GO category. The expected values were then compared to the observed numbers of genes in expanded and unexpanded OGs with a 2 test to determine whether the observed values were significantly different from expected values. To correct for multiple tests, the P values generated based on the 2 tests were used to estimate the false discovery rate (q) with the Q-VALUE software (32) . The q values measure the proportion of false positives incurred and were used to reject the null hypothesis that the expected counts were similar to the observed if q values were Ͻ0.05.
